Introduction Results
To compare the properties of LFP and of spiking activThe cortical local field potential (LFP) has long been known as a summation signal of excitatory and inhibiity in PRR during the planning and execution of reach and saccade movements, two macaque monkeys were tory dendritic potentials in a "listening sphere" around the tip of the electrode (Buzsaki, 2004; Fromm and trained to perform a delayed arm reaching task and a delayed saccade task ( Figure 1A ). In each trial, the aniBond, 1964; Gray et al., 1989; Mitzdorf, 1987) . In the last few years, the LFP signal has received increasing mal first fixated and touched a central fixation spot (baseline), before a visual cue was presented at one of attention for a number of reasons. First, the temporal structure of the LFP has been shown to reflect sensory eight possible target positions. Depending on the color of the presented cue, the animal then planned to reach and motor-related signals that can be modulated by cognitive processes. The LFP therefore provides addi-(green cue) or saccade (red cue) to the target but had to withhold movement execution until the fixation light tional information to single neuron activity ( ing activity during the reach task increased after the cue was presented and stayed elevated during the recorded from the same sites tend to represent different sources-the LFPs represent the inputs and local planning period until the movement was executed (Figure 1C ). During the saccade task, spiking activity was processing, and the spikes represent the outputs (Mitzdorf, 1987) . Third, LFPs appear to be more closely only moderately elevated ( Figure 1D logarithmic scale normalized by the LFP activity during the baseline period (horizontal zero line). During reach planning, we found that the mean LFP power of the population was significantly lower than the baseline nability coefficient (dc) that describes the average discriminability between the reach and saccade LFP spectrum at frequencies below 10 Hz and significantly larger than baseline at frequencies of 10-100 Hz. spectra at frequencies 1-100 Hz (see Experimental Procedures). Using this measure, we found a mean dc During saccade planning, the LFP power was moderately elevated in the frequency range 1-100 Hz. This value of 2.18 dB for movement planning and of 3.26 dB for movement execution (vertical solid lines in Figures confirms the presence of different temporal structure for different motor plans in the population. During 2C and 2D), which significantly exceeded the 0.1% error lines for the hypothesis of identical spectra (vertical movement execution (Figure 2B ), the mean LFP power during reaching was significantly larger than baseline dotted lines in Figures 2C and 2D ). These findings confirm different LFP spectra in PRR for the planning and at frequencies up to 100 Hz except for a small dip around 10 Hz that appeared no different from baseline. execution of reach movements and saccades. To compare the coding of the behavioral state in the In contrast, the LFP spectrum during saccade execution showed only moderate deviations from baseline.
LFP signals and in spiking activity, we explored how well the behavioral state of the animal (baseline, reach LFP spectra of individual recording sites showed a high degree of discriminability between time intervals planning, saccade planning, reach movement, saccade movement) could be predicted from our data set. For of reach and saccade planning and execution. To quantify the differences between the reach and saccade LFP this, we treated our data set of sequentially recorded sites as if it were simultaneously acquired and prespectra, we calculated for each recording site a discrimi- All four panels show suppression of the LFP power at sis with an error rate of 10% or less using about 20 randomly selected recording sites ( Figure 2E ). In conthe end of the cue presentation (time 0) at lower frequencies (below 20 Hz). Both preferred and nonpretrast, about 50 recording sites were necessary to achieve the same accuracy using spiking activity. ferred reach directions show elevated low-frequency activity during the reach execution and low-frequency These results indicate that LFP signals are better suited than spiking activity to predict the behavioral state of suppression beginning at cue presentation and continuing into the planning period. For saccades, both directhe animal and that PRR processes neural information in an action-specific fashion.
tions show an initial low-frequency suppression and then enhancements during the planning period. In fact, The action-specific nature of neural processing in PRR was also observed in the spike-field coherency the low-frequency behavior is the same for the preferred and nonpreferred directions but different for between the LFP and spiking activity. Figure 3A presents the mean coherence across the reach and sacreaches and saccades. In contrast, at higher frequencies (above 20 Hz), there is pronounced activity cade conditions in the population of 137 recording sites. LFP and spiking activity for reaches and sacduring reaching to the preferred direction, starting during cue presentation, that drops in frequency and then cades were significantly coherent at mid frequencies (10-40 Hz) throughout the task. In contrast, Figure 3B persists into the planning period. This pronounced activity is directionally tuned and largely absent for shows the difference between the reach and saccade coherence in the population. Differences emerged reaches to the nonpreferred direction. A similar but much weaker directional tuning was also observed durmainly in the planning period, where the spike-field coherency was significantly enhanced for reaches versus ing the planning of saccades. Taken together, the LFP shows a clear directional modulation at high fresaccades in the frequency range of 20-40 Hz, while at low frequencies (0-10 Hz) the coherency for saccade quencies (above 20 Hz) in addition to the state differences of the LFP at low frequencies. planning was enhanced with respect to reaches. These findings provide further evidence that neural processTo further investigate the directional LFP coding properties in PRR, we examined the directional tuning ing in PRR is different for the generation of reach and saccade movements.
of the LFP signals toward eight peripheral targets in the reach and saccade task and compared it with spiking Different temporal structure was also observed in the population spectrogram of the LFP (Figures 3C-3F) .
activity. The top panel of Figure 4A shows a typical directional tuning curve of a single unit, in which the cell's Each panel shows the LFP power relative to the baseline power during the reach task ( Figures 3C and 3E) firing rate during the reach planning period is plotted against the movement direction, while the fitted von and the saccade task ( Figures 3D and 3F) , while the 0.40 for spikes and 0.23 for the LFP across significant fits in the population (p < 0.05), suggesting that the LFP conveys more information than spiking activity that is unrelated to the planned movement direction. A substantial number of recording sites were also tuned for saccade planning (red bars), which was demonstrated previously for spiking activity but not for the LFP (Snyder et al., 2000) . Similar results were found for the movement period ( Figure 4B, lower panel) .
The distribution of preferred directions for the LFP as for spiking activity was biased toward the contralateral hemisphere during movement planning ( Figure 4C To compare the coding information for movement direction in the LFP and in spiking activity, we simulated the decoding of the planned reach and saccade directions. Similar to the decoding of behavioral states, we treated our data set of sequentially recorded sites as if acquired simultaneously. To reduce noise, only neurons and those LFP frequency bands of each site were considered that presented significant directional tuning either for reaches or saccades (as shown in Figure 4B ). This led to a population of 89 neurons and a population of 660 frequency bands from 125 LFP sites (57, 58, 86, . In other words, increased synchronization of synaptic activity during reach planning, reflected in the LFPs, may This study is, to our knowledge, the first examination of the temporal structure of LFP activity in PRR and its lead to higher rates of spiking activity. LFP activity at higher frequencies (15-40 Hz) is action relation to spiking activity. Very pronounced differences in temporal structure were found that correlated with and direction selective most prominently during the cue and planning periods of the task (Figures 3C-3F ). These the behavioral state of the animals, including the type of movement, saccade or reach, that the monkeys were signals are most likely related to movement planning and working memory. In contrast, LFP activity at lower planning or executing. In fact, it was easier to determine the behavioral state from the LFPs than from spikfrequencies (0-15 Hz; Figures 3C-3F ) is less direction selective and changes its spectral signature around the ing activity. The direction of planned movements is encoded in the LFPs, although the decoding of direction start of the movement (though differently for reaches and saccades). A possible role of these low-frequency is better for spikes than LFPs. Spike activity is coherent with the LFPs and shows a greater degree of coherence signals may be to convey timing information, as also suggested for the low-frequency components of the for reach planning than for saccade planning. Additionally, the high-frequency ( The present study provides new, additional evidence about the neuronal processing of a cortical area. This division is supported by our findings. The fact that the for a role of the PPC in movement planning. First, the temporal profile of the LFPs in PRR is very different behavioral states are better encoded in the LFP than in spiking activity may indicate that the behavioral state when animals are planning saccades and reaches to the same target. Most notably, there is a dramatic deinformation is already present at the input and local processing stages in PRR. The finding that the movecrease in the below 10 Hz spectral component and increase in the above 10 Hz component during reach ment direction is better encoded in the spiking activity may be attributed to neural processing at the local and planning, whereas there is only a modest increase across the entire 1-100 Hz spectrum for saccade planoutput stages of PRR.
It was observed that directional information for sacning. Second, the power in the higher (above 20 Hz) direction-tuned LFP spectrum is substantially larger for cades, a different type of motor action, was encoded in the spiking activity with significantly less predictive reaches than saccades. Third, when adjusted for spike activity, spikes and local fields in PRR are more coherpower than for reaches. This result indicates a strong modulation for the type of action on the encoding of ent when the animals are planning reaches compared to saccades. Finally, predicting the planned reach dimovement direction. Such a modulation by movement intention might use similar mechanisms seen for attenrection from the LFP is more robust than predicting saccade directions, again consistent with a degree of tion modulation in visual cortex, where a mechanism has been proposed that causes stimulus facilitation by specialization of PRR for reach planning. If PRR activity is only related to attention, then these clear differences increased synchronization of local cell assemblies 
